Abstract Advanced oxidation processes (AOPs) were applied prior to biological aerobic treatment by means of activated sludge. Textile wastewater was chosen as an example of industrial wastewater and the chemical oxygen demand -COD -was an overall measure of biodegradable substrate concentration, while the biomass concentration was expressed by volatile suspended solids -VSS. The kinetic investigations were applied to synthetic wastewater consisting of anthraquinone dyestuff Acid Blue 40 C.I., anionic detergent Avivage KG conc., softening agent Tetrapol CLB and mineral salts. Kinetics of microbiological destruction of the pollutants were described by the Monod equation. The kinetic parameters of the equation: maximum specific rate of microbial degradation, affinity (Monod) constant and yield coefficient were identified from the experimental data obtained at laboratory scale. The influence of various AOPs on the kinetics of biodegradation was analysed. The experimental evidence of the positive effect of chemical oxidation pretreatment on the biodegradation of recalcitrant compounds was quantified by estimation of the kinetic parameters of the Monod equation employed in biodegradation of the wastewater.
Introduction
Chemical oxidation which greatly improves biodegradation proceeds mostly through advanced oxidation processes (AOPs). The AOPs involve the in situ formation of hydroxyl radicals OH( due to the action of such oxidising agents as ozone, hydrogen peroxide, UV irradiation (photocatalysis) and the Fenton reaction. Extensive investigations have been carried out worldwide on the AOPs because of the large potential of these methods (Ledakowicz, 1998; Scott and Ollis, 1995; Scott and Ollis, 1997) . The chemical oxidation pretreatment of industrial wastewater may degrade inhibitory compounds into less toxic and more biodegradable intermediates leading to more robust and stable biological treatment. Such a kind of abiotic-biotic process for destruction of recalcitrant compounds in industrial wastewater has been the subject of recent research (Buyuksonmez et al., 1998) . However, one area of study that has still received little attention, is kinetic modelling for the combined process.
Textile wastewater was chosen as an example of industrial wastewater as it is usually toxic and mostly not biodegradable because of a high content of xenobiotics such as dyestuffs and surfactants which are generally organic compounds of complex structures. The paper aims at investigation of the influence of various AOPs on the biodegradation kinetics of textile wastewater.
Kinetics of biodegradation
Biological treatment of industrial wastewater with activated sludge is a very complex process. Organic matter is removed from wastewater by biochemical metabolism, oxygen is consumed by the microorganisms and new biomass cells are synthesized. One of the simplest unstructured models describing the effect of nutrient concentration on the microbial growth is the model developed by Monod. The form of the Monod equation, similar to that of Michaelis-Menten enzyme kinetics (Blanch and Clark, 1996) : may be employed to describe the biological oxidation of organic compounds present in the textile wastewater. The molecular composition of industrial wastewater is usually poorly characterised and the organic loading rate varies widely. Therefore, gross parameters such as chemical oxygen demand -COD have been traditionally used to describe the organic loading of the wastewater (Henze et al., 1995) . So, the substrate concentration S in equation (1) is represented by COD -measure of oxygen utilised under standard oxidising conditions (potassium dichromate). The biological processes in the treatment plant are carried out by a very diversified group of microorganisms. It is hardly possible to list which species are present in activated sludge, thus the biomass is usually expressed as volatile suspended solids -VSS (Eckenfelder and Musterman, 1995) . It may be expected that the kinetic parameters of the Monod equation: µ max -maximum specific growth rate and K m -saturation constant for substrate, denoting its capability to serve as a carbon source in metabolic processes, should vary due to chemical oxidation pretreatment. The removal rate of total organic substrate by the activated sludge can be expressed by the following equation:
where the yield coefficient Y X/S can be determined from direct measurements of the substrate ∆S and biomass ∆X concentration changes using the formula:
Introducing the gross parameters of the wastewater treated by activated sludge the specific substrate removal rate can be expressed by: After variables separation and integration: the following is obtained:
As it is much easier to measure the COD than the VSS, equation (9) can be rearranged according to Beltran et al. (1997) into the final form:
which has a simple graphical interpretation: a plot of the left hand side of equation (10) versus ln ([COD] [COD] 0 -1 ) t -1 , should give a straight line whose slope and intercept allow the determination of K m and q max .
Materials and method
A synthetic textile wastewater, simulating effluents from a dyehouse in the knitting industry was prepared. It consisted of 0.1 g dm -3 anthraquinone dyestuff Acid Blue 40 C.I. 2115; 1 g dm -3 anionic detergent Avivage KG conc. (mixture of anionactive sulfoesters of higher fatty alcohols), 1 g dm -3 softening agent Tetrapol CLB (a mixture of sodium alkyl-naphthalenesulfonate and sodium salt of sulfonated fatty acid in organic solvent) and 8.5 g dm -3 NaCl. The textile wastewater was slightly diluted with 10% synthetic domestic sewage according to Weinberger (1949) . The initial values of the global parameters characterising the wastewater were as follows: colour -intensive blue, colour threshold CT=165, pH=7.38, COD=2154 mg O 2 dm -3 , BOD 5 =1050 mg O 2 dm -3 , TC=442 mg C dm -3 , DOC= 392 mg C dm -3 .
Biodegradation was carried out at 25 ºC either in shaken 250 cm 3 flasks or in a 2 dm 3 aerated reactor with activated sludge. The ozonation process was carried out in a 1.5 dm 3 stirred gas-liquid reactor equipped additionally with UV lamps from Heraeus: TK 150 W, λ=254-578 nm -UVs or monochromatic one TMN 15 W, λ=254 nm -UVn. The ozone generator (Alfard Co.) and O 3 monitor (Elimp Co.) were of Polish production. Ozone dose was calculated from the difference of ozone flow rates at the reactor inlet and outlet (ozone concentrations were monitored continuously). The optimum of ozone dose, hydrogen peroxide concentration and UV irradiation time were as previously determined (Ledakowicz and Gonera, 1999) and have been applied in this study as follows: ozone dose -100 mg dm -3 , hydrogen peroxide concentration -1 cm 3 dm -3 , UV irradiation time -1 h.
A well settling activated sludge from an appropriate operating wastewater treatment plant was taken for preparing a stock mixture. Microorganisms of the activated sludge were acclimated to the high level of xenobiotic concentration in the textile wastewater with the addition of increasing content of the industrial effluents during two weeks while keeping the concentration of dissolved oxygen higher than DO=3 mg dm -3 . The cultivation was carried out batchwise in an aerated stirred bioreactor under the same conditions. The cells harvested from the bioreactor were recovered by centrifuging 1200 rpm for 10 min in a Sigma centrifuge model 6K10. The biomass of 2 g was resuspended into 100 cm 3 of the solution in a shaken flask and placed on a rotary platform shaker at 25ºC and dimmed light. Every two hours a sample was taken for the analysis of the COD, VSS and enzyme assay. Also parameters like DO, pH and temperature were followed during the course of kinetic measurements. COD was determined according the dichromate standard method. Determination of total and volatile suspended solids VSS was carried out gravimetrically following Standard Methods recommendations. The activity of degradative enzymes was assayed spectrophotometrically by methods of INT test, described by Hamer and Mason (1987) . The dehydrogenase activity assay was based on the absorbance increased at 490 nm resulting from the transformation of 2-[4-iodophenyl]-3-[4-nitrophenyl]-5-phenyltetrazolium chloride (INT) into dye 1,3,5-triphenylformazan (TPF).
Results and discussion
Before the influence of the AOPs on the biodegradation kinetics will be discussed let us first analyse the growth of microorganisms of activated sludge and simultaneous decrease of the COD, being the measure of carbon and energy source for the microbial growth in untreated textile wastewater. Figure 1a Microbial growth of activated sludge and COD reduction during biodegradation of textile wastewater Figure 1b Graphical representation of Eq. (10) for untreated textile wastewater straight line in Figure 1b it is easy to calculate the Monod constant K m and the maximum specific rate of substrate removal q max . Table 1 shows the results of kinetic parameters estimation. It is well known that chemical oxidation can break large molecules of wastewater contaminants into smaller easier biodegradable fragments (Narkis and Schneider-Rotel, 1980) . Ozone, ultraviolet (UV) light photolysis, hydrogen peroxide, ozone followed by hydrogen peroxide, or UV light followed by hydrogen peroxide and three oxidants simultaneously have been used for this purpose. Figure 2a shows the experimental results of biodegradation of the textile wastewater pretreated by means of ozonation. As can be seen from Figure 2b , experimental points are situated around the straight line confirming the validity of Eq. (10).
The parameters of biodegradation kinetics for the preozonated wastewater are given in Table 1 . As can be observed the preozonation leads to an increase of the maximum specific rate of substrate elimination from 0.04 to 0.06 [mg O 2 (mg VSS ( h) -1 ] and to a significant decrease of the Monod constant from 3378 to 759 [mg O 2 dm -3 ]. This change in kinetic parameters suggests a faster biodegradation and that pretreated pollutants are more available to biological oxidation.
It is interesting to note that due to the chemical pretreatment the pollutants level in the wastewater is lower, and the stronger the oxidant, the lower is the initial value of the COD for the following biological step. It is more evident in the case where the most powerful oxidation agents -three oxidants in combination O 3 /H 2 O 2 /UV were used; the experimental results are presented in Figure 3a and b. Similar to the preozonation the maximum specific Table 1 ). The lower value of the Monod constant for the pretreated wastewater indicates the increased affinity of the modified substrates to biological oxidation. As can be seen from the microbial growth curve (Figure 3a) there is an absence of a lag phase -it would be explained by the chemical oxidation and photolysis of the molecular structure of pollutants in the wastewater that have been modified to such an extent that after chemical degradation they are susceptible to existing degradative enzymes present in the activated sludge. The dehydrogenase assays for untreated and chemically oxidised wastewater - Figure 4 , respectively, show an increase of dehydrogenase activity in the preoxidised wastewater. The shape of the enzyme activity curves corresponds well with the microbial growth curve in both cases.
The same textile wastewater was the subject of toxicity analysis (Ledakowicz and Gonera, 1999) . The inhibitory action of microbial growth in the untreated wastewater decreased from 47% to 10% after O 3 /H 2 O 2 /UV pretreatment. The increased destructive enzyme activity and decreased inhibitory action in the chemically oxidised solutions are the result of the positive effect of the AOPs on subsequent biodegradation of industrial wastewater.
The comparison of relative efficiency, in terms of COD of various AOPs applied together with biological treatment of the wastewater is presented in Figure 5 . It is evident that the best AOP for the degradation of the textile wastewater is the combination of O 3 /H 2 O 2 /UV. This is, of course, the most expensive method of chemical pretreatment, however the COD residue is ca. 15% after the complete treatment.
Conclusions
• The applied chemical oxidation (AOPs) pretreatment of textile wastewater exerts a positive effect on its subsequent biodegradation. • The Monod model was used for description of biodegradation kinetics (of pretreated textile wastewater), wherein COD described organic load and VSS expressed the biomass concentration.
• Due to chemical preoxidation the maximum specific rate of substrate removal q max increased, while Monod constant K m decreased (this indicates the increased affinity of wastewater components to biodegradation).
• The most advisable sequence of the wastewater treatment is: biological step, chemical oxidation (in particular combination of O 3 /H 2 O 2 /UV) and biodegradation again. 
